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SUMMARY 
The e f f i c i e n c y  o f  f u t u r e  h y p e r s o n i c  a i r b r e a t h i n g  a i rc raf t  d e p e n d s . t o  a 
great e x t e n t  on t h e  maximum i n t e g r a t i o n  o f  t h e  p r o p u l s i o n  system w i t h  t h e  vehi-  
c l e  airframe. A r a p i d  and s i m p l e  i n v i s c i d  t e c h n i q u e  f o r  d e s i g n i n g  f o r e b o d i e s  
whi.ch produce un i fo rmly  precompressed f lows  a t  t h e  i n l e t  e n t r a n c e  f o r  bottom- 
mounted scramjets h a s  been developed so  t h a t  geomet r i c  c o n s t r a i n t s  r e s u l t i n g  
from d e s i g n  t r a d e - o f f s  can be e f f e c t i v e l y  e v a l u a t e d .  The f l o w  f i e l d s  r e s u l t i n g  
from s e v e r a l  forebody d e s i g n s  g e n e r a t e d  i n  s u p p o r t  o f  a c o n c e p t u a l  d e s i g n  f o r  a 
hype r son ic  r e s e a r c h  a i r p l a n e  have been analyzed i n  d e t a i l .  
c h a r a c t e r i s t i c s  c a l c u l a t i o n s  were used t o  v e r i f y  uniform f low c o n d i t i o n s .  For  
t h e  d e s i g n s  a n a l y z e d ,  uniform f low i s  maintained ove r  a wide r ange  o f  f l i g h t  con- 
d i t i o n s  co r re spond ing  t o  t h e  scramjet o p e r a t i o n  f l i g h t  enve lope  o f  t h e  r e s e a r c h  
a i r p l a n e .  
Three-dimensional 
I N T R O D U C T I O N  
A large spectrum of promising f u t u r e  m i l i t a r y  and c i v i l  a p p l i c a t i o n s  o f  
hydrogen-fueled a i r b r e a t h i n g  a i r c r a f t  f o r  h igh  s u p e r s o n i c  and h y p e r s o n i c  f l i g h t  
has  been w e l l  documented i n  t h e  l i t e r a t u r e .  (See refs.  1 t o  5 . )  A common fea- 
t u r e  o f  these  a i r c ra f t  i s  t h e  n e c e s s i t y  t o  i n t e g r a t e  t h e  p r o p u l s i o n  system w i t h  
t h e  v e h i c l e  airframe c a r e f u l l y  t o  o b t a i n  optimum o v e r a l l  performance.  A s  shown 
i n  f i g u r e  1, t h e  s i z e  o f  t h e  p r o p u l s i o n  system r e l a t i v e  t o  a i r c r a f t  s i z e  
i n c r e a s e s  r a p i d l y  w i t h  i n c r e a s i n g  f l i g h t  Mach number, and t h e  f o r c e s  ( d i s c u s s e d  
i n  r e f .  6 )  g e n e r a t e d  by t h e  p r o p u l s i o n  system become l a r g e  when compared w i t h  
aerodynamic f o r c e s .  Mutual i n t e r a c t i o n s  between t h e s e  l a r g e  f o r c e s  a r e  advanta-  
geous when t h e  p r o p u l s i o n  system i s  p r o p e r l y  i n t e g r a t e d  w i t h  t h e  v e h i c l e  a i r -  
frame. Thus, t h e  eng ine -a i r f r ame  i n t e g r a t i o n  p r o c e s s  r e p r e s e n t s  a major d e s i g n  
o p p o r t u n i t y  t o  maximize t h e  performance o f  hype r son ic  a i r b r e a t h i n g  v e h i c l e s .  
The h i g h l y  i n t e g r a t e d  a i r c ra f t  concep t s  d e p i c t e d  i n  f i g u r e  1 are a t t r a c t i v e  
because t h e y  p r o v i d e  b o t h  maximum i n l e t  c a p t u r e  area and maximum n o z z l e  expan- 
s i o n  area w h i l e  m a i n t a i n i n g  minimum cowl d r a g .  However, f u l l  advan tage  of  t h i s  
arrangement  can be t a k e n  o n l y  when t h e  v e h i c l e  p r o p u l s i o n  system i s  p r o p e r l y  
i n t e g r a t e d  e a r l y  i n  t h e  d e s i g n  p r o c e s s .  Some i n t e r a c t i v e  c o n s t r a i n t s  which must 
be c o n s i d e r e d  i n  t h e  d e s i g n  of h i g h l y  i n t e g r a t e d  h y p e r s o n i c  sys t ems  are  shown i n  
f i g u r e  2. The s i z e  and number of  t h e  e n g i n e s  must be  s u f f i c i e n t  t o  meet m i s s i o n  
r e q u i r e m e n t s .  The scramjet i n l e t  must be  l o c a t e d  w i t h i n  t h e  fo rebody  compres- 
s i o n  f i e l d  t o  o b t a i n  maximum performance. An effect ive precompression t e n d s  t o  , 
r educe  t h e  p h y s i c a l  dimensions o f  t h e  i n l e t .  Th i s  r e d u c t i o n  i n  t u r n  t e n d s  t o  
r educe  eng ine  weight  and cowl d r a g .  I f  t h e  precompressed f l o w  a t  t h e  i n l e t  face 
can  a l s o  be made uniform,  t h e  i n c r e a s e d  complex i ty  i n  i n l e t  d e s i g n  r e q u i r e d  f o r  
e f f i c i e n t  o p e r a t i o n  i n  wide ly  v a r y i n g  f l o w s  c a n  a l s o  be  a l l e v i a t e d .  However, 
t h e  a v a i l a b l e  shock-layer  c a p t u r e  area decreases w i t h  Mach number so  t h a t  t h e  
i n l e t  must c a p t u r e  most o f  t h e  f l o w  between t h e  body and t h e  bow shock a c r o s s  
t h e  e n t i r e  f u s e l a g e  span .  The e n g i n e  s ize  and t h e  f l o w - f i e l d  r equ i r emen t s  are 
n o t  t h e  o n l y  c o n s i d e r a t i o n s  n e c e s s a r y  f o r  a good fo rebody  d e s i g n .  Aerodynamic, 
s t r u c t u a l ,  and i n t e r n a l  volume r e q u i r e m e n t s  are o t h e r  c o n s t r a i n t s  which must be  
i n c o r p o r a t e d  e a r l y  i n  t h e  d e s i g n  p r o c e s s  t o  a c h i e v e  a n  optimum c o n f i g u r a t i o n .  
The scramjet n o z z l e  d e s i g n  i s  p r i m a r i l y  governed by t h r u s t  and s t a b i l i t y  
r equ i r emen t s .  Thus,  t h e  l o c a t i o n  o f  t h e  scramjet, o r i e n t a t i o n  of t h e  t h r u s t  vec- 
t o r ,  and t h e  r e s u l t i n g  t r i m  p e n a l t i e s  must be examined a c r o s s  t h e  e n t i r e  f l i g h t  
enve lope  ( r e f .  6 ) .  The s t r o n g  i n t e r a c t i o n  between t h e  n o z z l e  exhaus t  and t h e  
nonuniform f lows s u r r o u n d i n g  t h e  v e h i c l e  a f t e r b o d y  and e x t e r n a l  cowl must a l s o  
be accounted f o r  i n  t h e  e v a l u a t i o n  o f  n o z z l e  performance.  
It is  a p p a r e n t ,  t h e r e f o r e ,  t h a t  one key t o  optimum v e h i c l e  performance is  
a s y s t e m a t i c  p rocedure  f o r  e f f e c t i v e l y  a s s e s s i n g  t h e  i n t e r a c t i v e  c o n s t r a i n t s  
e a r l y  i n  t h e  d e s i g n ,  i f  any r e a l i s t i c  b e n e f i c i a l  cou.pling between t h e  eng ine  
and airframe i s  t o  be ach ieved .  A s i g n i f i c a n t  research e f f o r t  i s  be ing  made a t  
Langley Research Cen te r  t o  examine, t o  deve lop ,  and t o  v a l i d a t e  t h e  t echno logy  
n e c e s s a r y  t o  perform such a s s e s s m e n t s  d u r i n g  t h e  d e s i g n  p r o c e s s  on a r o u t i n e  
b a s i s .  The eng ine -nozz le -veh ic l e  i n t e r a c t i o n s  and d e s i g n  methodology a re  pre-  
s e n t e d  i n  r e f e r e n c e  6 .  The pr imary o b j e c t i v e s  o f  t h i s  p a p e r  are  t o  descr ibe  
r e c e n t  p r o g r e s s  i n  fo rebody  d e s i g n  methodology, t o  p r e s e n t  some r e s u l t s  from a 
v e h i c l e  d e s i g n  s t u d y ,  and t o  i n d i c a t e  some areas o f  research which could enhance 
o v e r a l l  d e s i g n  c a p a b i l i t y .  
SYMBOLS 
A forebody c r o s s - s e c t i o n a l  a r e a  
i n l e t  c a p t u r e  a r e a  
A C  
D a x i a l  d e s i g n  l e n g t h  o f  c o n s t a n t  impact-angle  s u r f a c e  
h i n l e t  h e i g h t  
:,;,; u n i t  v e c t o r  components i n  x-, y-,  and z - d i r e c t i o n s ,  r e s p e c t i v e l y  
M Mach number 
+ 
n outward u n i t  normal surface v e c t o r  
"x 9 ny 9 "z 
P , Q , R , S , T , S G  l o f t i n g - c u r v e  c o e f f i c i e n t s  f o r  fo rebody  geometry 
d i r e c t i o n a l  c o s i n e s  o f  outward wit normal s u r f a c e  v e c t o r  
P s t a t i c  p r e s s u r e  
r r a d i u s  o f  e q u i v a l e n t  c i r c u l a r  forebody c r o s s  s e c t i o n  
2 
I 
'ref v e h i c l e  r e f e r e n c e  area 
S s u r f a c e  t a n g e n t  v e c t o r  i n  Newtonian stream d i r e c t i o n  
V v e l o c i t y  
V 
X J Y  
--f 
d i r e c t i o n a l  c o s i n e s  o f  v e l o c i t y  v e c t o r  
I V l  Ivl IVI 
v v e l o c i t y  v e c t o r  
G u n i t  v e c t o r  i n  v e l o c i t y  d i r e c t i o n  
x,y,z forebody r e f e r e n c e  c o o r d i n a t e s  
X , Y , Z  d i s t a n c e  a long  t h e  a x e s  
ci a n g l e  o f  a t t a c k  r e f e r e n c e d  t o  lower s u r f a c e  c e n t e r  l i n e  o f  forebody 
a t  i n l e t  e n t r a n c e  
6 Newtonian impact  a n g l e  
lower fo rebody  c e n t e r - l i n e  d e f l e c t i o n  a n g l e  00 
!J Mach a n g l e ,  s in- '  ( l /M) 
P d e n s i t y  
pv 
V Pco m 
l o c a l  t o  free-stream mass f low r a t i o  
$ forebody c r o s s - s e c t i o n  mer id i an  a n g l e  
S u b s c r i p t s  : 
I i n l e t  
R , m  i n d i c e s  f o r  l o f t i n g - l i n e  c o e f f i c i e n t s  
m free-stream c o n d i t i o n s  
FOREBODY DESIGN PROCEDURE 
The forebody d e s i g n  g o a l s  are i n d i c a t e d  i n  f i g u r e  3. The key f low param- 
e ters  and t h e  r e g i o n  a t  t h e  i n l e t  e n t r a n c e  r e q u i r i n g  uniform precompression are 
a l s o  shown. The c r o s s - s e c t i o n a l  area ( l o c a t e d  a t  t h e  i n l e t  f a c e )  i n  which t h e  
f low i s  t o  be t i g h t l y  c o n s t r a i n e d  i s  bounded by t h e  v e h i c l e  s u r f a c e  and two func- 
t i o n s  o f  eng ine  geometry: ( 1 )  t h e  p o s i t i o n  o f  t h e  ou tboa rd  e n g i n e  module and 
( 2 )  t h e  p o s i t i o n  o f  t h e  cowl l i p  ( o r  bow shock as  t h e  Mach number becomes l a r g e ) .  
T h i s  c o n t r o l  area i s  r e p r e s e n t e d  by t h e  c r o s s h a t c h e d  r e g i o n  i n  f i g u r e  3. An 
i d e a l  and p robab ly  u n a t t a i n a b l e  d e s i g n  would r e n d e r  t h e  oncoming precompressed 
3 
flow parallel and uniform in the control area. This flow would also remain 
invariant with changes in Mach number and angle of attack. The practical goal 
for this study was to develop a straightforward design procedure which can be 
used effectively to minimize gradients in key flow parameters in the region of 
the inlet entrance over the vehicle flight envelope. 
The parameters which directly influence inlet and engine performance are 
mass flow to be ingested, static pressure, local Mach number, and flow angular- 
ity. These parameters are sufficient to define the state of the flow and if 
they are uniform, it follows that the remaining flow variables are also uniform. 
The predominant parameter, and therefore a good approximate measure of forebody 
effectiveness, is the relative mass flow. A reduction in mass flow would cause 
a corresponding reduction in thrust available from a fixed size engine, and 
large gradients in mass flow would require complex fuel scheduling between 
engine modules to achieve maximum performance. 
Computational Techniques 
Several numerical techniques can be used to calculate supersonic inviscid 
flows over three-dimensional geometries. (See refs. 7 to IO.) In principle, 
any of these techniques could be employed to derive a geometry which produces 
uniform flow at the inlet entrance. Either parametric studies of several geom- 
etries o r  an inverse approach using one of these techniques t-o solve for the 
appropriate geometric boundary directly could be employed. The parametric 
approach appears to be too restrictive and time consuming for the preliminary 
design process. The inverse technique can, in principle, be carried out by 
specifying the inlet station flow conditions and by performing an upwind numeri- 
cal calculation (characteristics o r  finite difference) to solve for a geometry 
which maintains the specified flow. However, the resulting geometry could be 
very difficult to constrain so that required trade-offs could be performed on 
the basis of other multidisciplinary functions of merit which must be consid- 
ered to achieve a realistic optimum. The complexity required for this proce- 
dure did not seem warranted for the preliminary design task since one of the 
basic study goals was to develop a straightforward and rapid preliminary design 
tool. Therefore, the approach taken in this study is a highly simplified anal- 
ogy to the inverse technique where basic hypersonic flow relations are used in 
lieu of more exact numerical schemes to determine the appropriate forebody 
geometry. 
Design Method 
At hypersonic speeds, Newtonian flow gives a good representation of the 
inviscid conditions on three-dimensional compression surfaces which do not pro- 
duce strong crossflows o r  embedded shocks. Since the shock layer is thin, the 
surface conditions should also represent the conditions in the field if those 
surface conditions are uniform everywhere over the control area. In addition, 
the surface geodesics (defined in the classical sense as the shortest surface 
distance between two points) become streamlines when the surface pressure is 
constant. Therefore, the problem is one of creating a geometry from the Newto- 
nian stream directions so that the Newtonian impact angle is constant (fig. 4). 
4 
The c lassic  e q u a t i o n  f o r  t h e  Newtonian impact a n g l e  6 i n  terms o f  t h e  
v e l o c i t y  v e c t o r  
ii = vx? + v 3 + vzic 
Y 
and t h e  outward normal t o  t h e  s u r f a c e  
i = n x i  + n 3 + n,Fc 
Y 
is 
s i n  6 -($ + n V  + s) 
Iv I I V l  
( 3 )  
If t h e  v e l o c i t y  v e c t o r  is  a f u n c t i o n  o f  a n g l e  o f  a t t a c k  a o n l y  (no yaw), 
t hen  a u n i t  v e c t o r  i n  t h e  v e l o c i t y  d i r e c t i o n  can be  d e f i n e d  by 
+ 
v = c o s  a3 + s i n  a6 ( 4 )  
and t h e  Newtonian impact a n g l e  becomes 
s i n  6 = - ( n y  c o s  a + nz s i n  a) (5 1 
By s o l v i n g  e q u a t i o n  ( 5 )  f o r  n and s u b s t i t u t i n g  i n t o  e q u a t i o n  ( 2 1 ,  t h e  normal 
v e c t o r  i n  terms o f  nx and nz becomes Y 
3 + nZG ( 6 )  + n = n i -  nz s i n  a + s i n  6 
X ( .Cos 'a  
Then, n can be de t e rmined  from t h e  l o c a l  c r o s s - s e c t i o n  c u r v e  o f  t h e  v e h i c l e  
by r e l a t r n g  i t s  s l o p e  t o  t h e  s u r f a c e  normal 
nx = -nz t a n  4 
where 
(8 1 dz t a n  Q, = -
dx 
S u b s t i t u t i n g  e q u a t i o n  ( 7 )  i n t o  e q u a t i o n  ( 6 )  produces 
A 
j + nzk + ( C O S 6  n = -n t a n  - z 
and s i n c e  by d e f i n i t i o n  
2 + +  n - n =  n x 2 + n  + n z 2  = I Y 
( 9 )  
(IO) 
nz 
a n g l e ,  and c r o s s - s e c t i o n a l  geometry from e q u a t i o n s  ( 9 )  and (IO): 
can be determined i n  terms of t h e  v e h i c l e  a n g l e  of  a t t a c k ,  Newtonian impact  
5 
- s i n  6 s i n  a - cos a $E?TTGZ a - s i n 2  SI t a n 2  4 
I + cos2  a t a n 2  4 
nz (11)  
The r e l a t i o n s  f o r  nx and n i n  terms o f  t h e  same p a r a m e t e r s  become Y 
s i n  6 s i n  a + cos a \/cos2 6 + ( c o s 2  a - sin'. 6 )  t a n 2  4 t a n  4 
1 + COS' a t a n 2  a 
n =  [ I (12) X 
and 
~ _._ 
- s i n  6 c o s  a + s i n  a \Icos26+(cos~ a - s i n 2  6) t a n 2  4 cos2  4 
cos2  4 + cos2  a s i n 2  4 
n =  (13 )  
Y 
The g e 2 d e s i c  d i r e c t i o n s  are ma in ta ined  c o i n c i d e n t  w i t h  t h e  Newtonian stream 
d i r e c t i o n  S which can be determined by t a k i n g  s u c c e s s i v e  v e c t o r  p r o d u c t s  
between t h e  s u r f a c e  normal and t h e  wind v e c t o r  
as i l l u s t r a t e d  i n  t h e  v e c t o r  diagram o f  f i g u r e  4.  Any number o f  g e o d e s i c  direc- 
t i o n s  can be determined a long  a g iven  c r o s s  s e c t i o n  and p r o j e c t e d  upstream some 
a r b i t r a r y  d i s t a n c e  By. The l o c u s  o f  these p r o j e c t e d  g e o d e s i c s  can then  be 
used t o  d e f i n e  a new upstream c r o s s  s e c t i o n ,  and t h e  p r o c e s s  can be  repeated 
u n t i l  t h e  desired s u r f a c e  is  f u l l y  de t e rmined .  
The p r e l i m i n a r y  d e s i g n  method i l l u s t r a t e d  here was developed f o r  a r b i t r a r y  
fo rebody  geometry; however, t h e  numerical  methods a v a i l a b l e  t o  v e r i f y  t h e  f l o w  
f i e l d s  are somewhat geometry res t r ic ted .  Three-dimensional character is t ics  cal-  
c u l a t i o n s  made w i t h  t h e  computer program o f  r e f e r e n c e  7 were used i n  t h i s  s t u d y  
t o  v e r i f y  t h e  d e s i g n  t e c h n i q u e .  Th i s  character is t ics  program i s  l i m i t e d  t o  
smooth con t inuous  g e o m e t r i e s  w i t h  b i e l l i p t i c  c r o s s  s e c t i o n s .  However, g e n e r a l  
v a r i a t i o n  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  i s  a l l o w e d ,  as i l l u s t r a t e d  i n  f i g u r e  5 ,  
by d e f i n i n g  t h e  p r o j e c t i o n s  o f  t h ree  l o f t i n g  l i n e s  i n  t h e  v e h i c l e  c o o r d i n a t e  
p l a n e s  w i t h  a series of segments u s i n g  t h e  g e n e r a l  c o n i c  e q u a t i o n  
where R deno tes  t h e  segment and m deno tes  t h e  s i x  p r o j e c t i o n s  of  t he  t h r e e  
l o f t i n g  cu rves  on t h e  c o o r d i n a t e  p l a n e s .  
Constant  impact a n g l e  i s  n o t  n e c e s s a r y  o v e r  t h e  e n t i r e  u n d e r s u r f a c e  of t h e  
forebody s i n c e  i n f l u e n c e  a t  t h e  i n l e t  s t a t i o n  from upstream geometry i s  n o t  gen- 
e r a l l y  f e l t  p a s t  a p o i n t  where a Mach wave from t h e  body i n t e r s e c t s  t h e  cowl 
l i p .  Th i s  d i s t a n c e  is i l l u s t r a t e d  i n  f igure 5 and  i s  t h e  upstream boundary f o r  
which the  forebody must be c l o s e l y  t a i l o r e d .  S i n c e  t h e  f l o w  i s  n o t  l i k e l y  t o  
be e n t i r e l y  uniform between body and bow shock,  t h e  largest  free-stream Mach 
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number i n  t h e  v e h i c l e  f l i g h t  .envelope is  used t o  s p e c i f y  t h e  upstream boundary 
t o  i n s u r e  adequa te  d e s i g n  l e n g t h  D t o  deve lop  uniform f l o w  a t  t h e  i n l e t  face: 
D =  h 
t a n  ( e o  + P )  - t a n  B o  
where eo is  determined by t h e  c e n t e r - l i n e  ( c t )  s l o p e  
eo  = tan-’ (2) 
CL 
and !J is t h e  free-stream Mach a n g l e  
(16 )  
(17)  
The lower c e n t e r - l i n e  g e o d e s i c  i s  kep t  s t r a i g h t  o v e r  t h e  d e s i g n  l e n g t h  bu t  i s  
al lowed t o  cu rve  upstream o f  t h i s  p o i n t  t o  meet aerodynamic and vo lumet r i c  con- 
s t r a i n t s .  However, care must be t aken  t o  avoid r a p i d  expans ions  i n  t h e  forward 
p o r t i o n  s i n c e  t h e  Newtonian concept  w i l l  no t  accoun t  f o r  s t r o n g  overexpansion 
which couid a l t e r  t h e  f l o w  a t  t h e  i n l e t  e n t r a n c e .  
Uniform Newtonian impact a n g l e  need not  be imposed ove r  t h e  e n t i r e  under- 
s u r f a c e  span s i n c e  t h e  spanwise c o n t r o l  boundary i s  i n i t i a l l y  d e f i n e d  by t h e  
width o f  t h e  e n g i n e s ,  where t h e  eng ine  wid th  i s  determined from p r e l i m i n a r y  
i n l e t  c a p t u r e  r e q u i r e m e n t s  and t h e  cowl o r  shock h e i g h t .  The s u r f a c e  g e o d e s i c s  
d e f i n e  t h e  spanwise boundary upstream o f  t h e  i n l e t  s t a t i o n  ( f i g .  5 ) .  However, 
t h e  o v e r a l l  fo rebody  planform is  u n r e s t r i c t e d .  The a s sumpt ions  used t o  e s t a b -  
l i s h  t h e  boundar i e s  o v e r  which t h e  s u r f a c e  must be t a i l o r e d  are q u i t e  adequa te  
f o r  bottom-mounted e n g i n e s ,  and v a r i a t i o n s  o f  t h i s  t e c h n i q u e  cou ld  be expected 
t o  produce un i fo rmly  precompressed f lows f o r  side-mounted o r  d i s p l a c e d  i n l e t s .  
However, a t  lower Mach numbers ( e . g . ,  M a <  31, a more s o p h i s t i c a t e d  p rocedure  
such  as  l i n e a r  t h e o r y  may be  r e q u i r e d  t o  de t e rmine  t h e  Mach l i n e s  which d e f i n e  
t h e  body s u r f a c e  and i n l e t  cowl boundar i e s .  
RESULTS AND DISCUSSION 
Th i s  forebody d e s i g n  method h a s  been a p p l i e d  t o  a hype r son ic  r e s e a r c h  a i r -  
p l a n e  d e s i g n  s t u d y ,  and t h e  r e s u l t i n g  f low f i e l d s  were v e r i f i e d  by c a l c u l a t i o n s  
of  t h e  th ree -d imens iona l  c h a r a c t e r i s t i c s .  The b a s i c  v e h i c l e  i l l u s t r a t e d  i n  f i g -  
u r e  6 was designed t o  t a k e  advan tage  of s e v e r a l  advanced and promising new con- 
c e p t s  f o r  high-performance a i r b r e a t h i n g  hype r son ic  a i r c ra f t .  Fixed-geometry 
scramjets were f u l l y  i n t e g r a t e d  w i t h  t h e  v e h i c l e  airframe where t h e  fo rebody  
was used t o  precompress t h e  i n l e t  f l ow un i fo rmly ,  and t h e  e n t i r e  a f t e r b o d y  was 
used as an exhaus t  n o z z l e .  S t r u c t u r e s ,  p r o p u l s i o n ,  aerodynamics,  and sys t ems  
r equ i r emen t s  were c o n s i d e r e d  i n  producing a v e h i c l e  c a p a b l e  o f  s y s t e m a t i c a l l y  
f l i g h t  t e s t i n g  s e v e r a l  of t h e  most promising advanced c o n c e p t s  f o r  hype r son ic  
f l i g h t  ( re f .  11).  The pay loads  and o v e r a l l  f l i g h t  c a p a b i l i t y  o f  t h i s  v e h i c l e  
are beyond t h e  scope o f  t h i s  pape r ;  however, several f e a t u r e s  which affect  t h e  
fo rebody  d e s i g n  are p r e s e n t e d  h e r e .  T h i s  v e h i c l e  was t o  b e  a i r  launched and 
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r o c k e t  accelerated t o  a t  least  Mach 4. Scramje t  a c c e l e r a t i o n  and c r u i s e  capa- 
b i l i t y  were r e q u i r e d  a t  a l l  speeds  between Mach 4 and Mach IO. The scramjet 
engine employed was a hydrogen-fueled fixed-geometry modular d e s i g n  c u r r e n t l y  
under development a t  Langley Research C e n t e r  (refs.  12 and 1 3 ) .  I d e n t i c a l  mod- 
u l e s  were imposed as a ground r u l e  i n  t h e  r e s e a r c h  a i r p l a n e  d e s i g n  s t u d y  t o  min- 
imize  t h e  complexi ty  and c o s t  o f  t h e  r e s e a r c h  scramjet p r o p u l s i o n  system. The 
v e h i c l e  forebody geometry was t i g h t l y  c o n s t r a i n e d  by t h e  l a r g e  forward volume 
requ i r emen t s  i n  t h e  payload bay t o  accommodate t h e  hydrogen f u e l  t a n k  and t h e  
s i z e  l i m i t a t i o n s  imposed by the  carr ier  v e h i c l e  (B-52). 
Some o f  t h e  p o t e n t i a l  performance p a y o f f s  which can  be ach ieved  th rough  
fo rebody  d e s i g n  are i l l u s t r a t e d  th rough  the  key c o n s t r a i n t s  and flow r e q u i r e -  
ments imposed i n  t h i s  d e s i g n  s t u d y .  The volume o f  t h e  forebody i s  g e n e r a l l y  
determined wi thou t  c o n s i d e r i n g  t h e  i n l e t  f l ow c o n d i t i o n s  and i s  p r i m a r i l y  a 
f u n c t i o n  o f  t h e  i n t e r n a l  system r e q u i r e m e n t s ,  c e n t e r - o f - g r a v i t y  c o n t r o l ,  and 
v e h i c l e  aerodynamics.  A p e r s p e c t i v e  o f  t h e  volume r e q u i r e m e n t s  imposed i n  t h i s  
s t u d y  is i n d i c a t e d  i n  f i gu re  7 ,  where t h e  c r o s s - s e c t i o n a l  area and r a d i u s  o f  an 
e q u i v a l e n t  axisymmetr ic  body f o r  t h e  d e s i g n  v e h i c l e  are p r e s e n t e d  as a f u n c t i o n  
of d i s t a n c e  from t h e  nose.  The d i s t r i b u t i o n s  f o r  a cone and a n  o g i v e  c y l i n d e r  
are shown f o r  comparison. The l e n g t h  o f  t h e  c y l i n d e r  on the  o g i v e  c y l i n d e r  was 
determined from e q u a t i o n  ( 1 6 )  u s i n g  t h e  i n i t i a l  cowl h e i g h t  and c e n t e r - l i n e  pre- 
compression r equ i r emen t s  f o r  the research a i r p l a n e  c o n c e p t .  The cone which 
g i v e s  t h e  c l o s e s t  approximation t o  t h e  planform and p r o f i l e  l i m i t a t i o n s  o f  t h e  
v e h i c l e  has a 5' h a l f - a n g l e .  
axisymmetr ic  forebody d e s i g n s .  
These t h r e e  b o d i e s  form a boundary o f  p o t e n t i a l  
Mach 10 Forebody Flows 
If t h e  f low f i e l d  abou t  t h e  three bounding f o r e b o d i e s  ( f i g .  7 )  a t  f l i g h t  
c o n d i t i o n s  i s  assumed t o  co r re spond  approx ima te ly  t o  Mach 10 c r u i s e ,  t h e  f low 
a t  t h e  i n l e t  e n t r a n c e  i s  o b v i o u s l y  n o t  uniform (see f i g .  8 ) .  The a n g l e  o f  
a t tack o f  each body was determined so  t h a t  t h e  l o c a l  a n g l e  between the  lower 
c e n t e r  l i n e  and t h e  wind v e c t o r  was I O o  a t  t h e  i n l e t  e n t r a n c e .  The l o c a l  Mach 
number, p r e s s u r e  r a t i o ,  and r e l a t i v e  mass f low are  p r e s e n t e d  n e a r  t he  body s u r -  
face and a t  a s p e c i f i e d  cowl h e i g h t  as a f u n c t i o n  o f  p e r c e n t  body semispan. 
These data were o b t a i n e d  from t h e  th ree -d imens iona l  charac te r i s t ics  program o f  
r e f e r e n c e  7 .  Each of these bod ies  e x h i b i t s  a s t r o n g  spanwise v a r i a t i o n  i n  each 
o f  t h e  f low parameters, and excep t  f o r  t h e  c o n e ,  there  i s  a s i g n i f i c a n t  v a r i a -  
t i o n  between body and cowl l i p  a t  each spanwise l o c a t i o n .  
The p o s s i b l e  d e t r i m e n t a l  effect  o f  such  f lows  on eng ine  performance can be  
r e a d i l y  seen  by examining t h e  v a r i a t i o n  i n  r e l a t i v e  mass f low a c r o s s  t h e  v e h i c l e  
span.  For t h e  v e h i c l e  d i s p l a y e d  i n  f i g u r e  6 ,  t h e  mass-flow r e q u i r e m e n t s  t o  meet 
mis s ion  g o a l s  were i n i t i a l l y  based on d e s i g n  c e n t e r - l i n e  ( s u r f a c e  p l a n e  o f  sym- 
metry)  v a l u e s  and eng ine  i n s t a l l a t i o n  a c r o s s  80 p e r c e n t  o f  t h e  body semispan.  
An examinat ion o f  t h e  ave rage  mass f low a c r o s s  t h e  span  of  these  th ree  b o d i e s ,  
as i l l u s t r a t e d  i n  f i g u r e  8 ,  i n d i c a t e s  a 25-percent  d r o p o f f  from the  c e n t e r - l i n e  
d e s i g n  v a l u e  t o  t h e  most outboard p o s i t i o n  (80-percent  semispan) .  A correspond-  
i n g  engine performance p o t e n t i a l  rough ly  25 p e r c e n t  less t h a n  t h e  i n i t i a l  d e s i g n  
v a l u e  i s  a l s o  i n d i c a t e d .  
T h i s  parameter  does  n o t  g i v e  an e x a c t  r e p r e s e n t a t i o n  o f  performance poten- 
t i a l  because t h e  shock s t a n d o f f  d i s t a n c e  i n c r e a s e s  from t h e  c e n t e r  l i n e  o u t  
a c r o s s  t h e  s p a n ,  and more i n l e t  c a p t u r e  could be used i f  n o n s i m i l a r  modules were 
employed. However, as s t a t e d  ea r l i e r ,  u s e  o f  i d e n t i c a l  eng ine  modules was a 
ground r u l e  f o r  t h i s  s t u d y .  
The forebody d e s i g n  p rocedure  based on Newtonian impact  a n g l e  w a s  used t o  
create a geometry w i t h i n  t h e  fo rebody  volume c o n s t r a i n t s  o f  t h e  research a i r -  
p l ane .  The spanwise area of i n t e r e s t  i n c l u d e d  80 p e r c e n t  o f  t h e  semispan,  and 
t h e  upstream boundary was determined from Mach 10 c r u i s e  c o n d i t i o n s .  Maximum 
e f f e c t i v e  i n l e t  c a p t u r e  becomes i n c r e a s i n g l y  i m p o r t a n t  w i t h  i n c r e a s i n g  Mach num- 
b e r ;  t h e r e f o r e ,  t h e  bow shock was t a k e n  as t h e  v e r t i c a l  boundary a t  t h e  i n l e t  
face. The f low a t  t h e  i n l e t  face from t h i s  forebody d e s i g n  i s  superimposed 
( f i g .  9 )  on t h e  p r e v i o u s  r e s u l t s  f o r  t h e  axisymmetr ic  e q u i v a l e n t  t o  t h e . r e s e a r c h  
a i r p l a n e  forebody (based  on c r o s s - s e c t i o n a l  area d i s t r i b u t i o n ) .  The c r o s s -  
hatched r e g i o n s  deno te  t h e  axisymmetr ic  fo rebody  r e s u l t s  of  f i g u r e  8 ( b ) .  Both 
t h e  spanwise and v e r t i c a l  v a r i a t i o n s  i n  a l l  p a r a m e t e r s  are markedly d e c r e a s e d ;  
t h e  most g r a p h i c  improvement o c c u r s ,  however, i n  t h e  a v a i l a b l e  mass f l o w  a c r o s s  
t h e  80-percent  semispan o f  i n t e r e s t .  The a v e r a g e  c e n t e r - l i n e  v a l u e  o f  mass f low 
f o r  t h e  t a i l o r e d  fo rebody  i s  i n c r e a s e d  by approx ima te ly  25 p e r c e n t  o v e r  t h a t  o f  
t h e  axisymmetr ic  e q u i v a l e n t  even though t h e  l o c a l  s u r f a c e  c e n t e r - l i n e  i n c l i n a -  
t i o n  a t  t h e  i n l e t  e n t r a n c e  is  I O o  f o r  bo th  f o r e b o d i e s .  The i n t e g r a t e d  a v e r a g e  
mass flow a c r o s s  80 p e r c e n t  o f  t h e  semispan o f  t h e  t a i l o r e d  forebody i s  approx i -  
ma te ly  33.5 p e r c e n t  h i g h e r  t h a n  t h a t  of t h e  a x i s y m e t r i c  e q u i v a l e n t .  The a n g l e  
o f  a t t a c k  o f  t h e  axisymmetr ic  e q u i v a l e n t  cou ld  be  i n c r e a s e d  u n t i l  t h e  a v e r a g e  
c e n t e r - l i n e  v a l u e s  of mass f low were e q u a l  -on t h e  two f o r e b o d i e s ; .  however, t h e  
i n t e g r a t e d  ave rage  mass f low on t h e  t a i l o r e d  forebody would s t i l l  be approx i -  
ma te ly  7 p e r c e n t  larger t h a n  t h e  axisymmetr ic  e q u i v a l e n t .  T h i s  d i f f e r e n c e  i s  
a m p l i f i e d  by t h e  i n c r e a s e d  f low nonun i fo rmi ty  t h a t  i s  bound t o  'occur on t h e  axi- 
symmetric forebody as  t h e  a n g l e  o f  a t t a c k  i s  i n c r e a s e d .  These compara t ive  
advan tages  o f  t a i l o r e d  f o r e b o d i e s  are s i g n i f i c a n t ;  however, a more o b j e c t i v e  
e v a l u a t i o n  o f  t h e  d e s i g n  t e c h n i q u e  can be made by a n a l y z i n g  i n l e t  e n t r a n c e  f lows  
i n  l i g h t  o f  t h e  forebody d e s i g n  g o a l s  l i s t e d  i n  f i g u r e  3 .  
S e v e r a l  a l t e r n a t e  d e s i g n s  were g e n e r a t e d  d u r i n g  t h i s  s t u d y ,  and a d d i t i o n a l  
f low pa rame te r s  such as shock s t a n d o f f  d i s t a n c e  and f low a n g u l a r i t y  were exam- 
ined  t o  assess t h e i r . r e l a t i o n s h i p  t o  t h e  f o r e b o d y - i n l e t  i n t e r a c t i o n .  Three 
f o r e b o d i e s  wi th  v a r i a t i o n s  i n  f i n e n e s s  r a t i o  (volume) and c r o s s - s e c t i o n a l  shape  
are shown i n  f i g u r e  I O .  A s  s t a t e d  e a r l i e r ,  t h e  f o r e b o d i e s  p r e s e n t e d  i n  t h i s  
paper  are c o n s t r u c t e d  from b i e l l i p t i c  c r o s s  s e c t i o n s  s o  t h a t  t h e  f low f i e l d s  
could be v e r i f i e d  wi th  t h e  c a l c u l a t i o n s  f o r  t h e  th ree -d imens iona l  characteris-  
t i c s  by u s i n g  t h e  method of r e f e r e n c e  7 .  The major t o  minor a x i s  r a t i o s  f o r  
t,he lower s u r f a c e s  of f o r e b o d i e s  1 ,  2 ,  and 3 are 7 ,  3 .5 ,  and 2 ,  r e s p e c t i v e l y .  
The spanwise c o n t r o l  bou,ndary f o r  each o f  these b o d i e s  was a t  80 p e r c e n t  o f  t h e  
body semispan. 
c e n t e r  l i n e ,  and t h e  boundary h e i g h t  p e r p e n d i c u l a r  t o  t h e  s u r f a c e  was t a k e n  as 
t h e  shock he ight  a t  f l i g h t  c o n d i t i o n s  o f  M, 10 and a = IO0.  The body l i s t e d  
as forebody 1 i s  t h e  same forebody p r e s e n t e d  i n  f i g u r e  9 .  The f low c o n d i t i o n s  
a t  t h e  i n l e t  face ( c o n t r o l  area) which are g e n e r a t e d  by these f o r e b o d i e s  are 
shown i n  f i g u r e  11. The spanwise v a r i a t i o n s  o f  each parameter are sma l l ,  as  are 
t h e  v a r i a t i o n s  from body t o  cowl l i p  (bow s h o c k ) .  The magnitudes o f  these v a r i -  
a t i o n s  are d i s c u s s e d  more f u l l y  l a t e r  i n  t h e  r a p e r .  The main p o i n t  i l l u s t r a t e d  
The d e s i g n  a n g l e  o f  a t t ack  was 10' r e l a t i v e  t o  t h e  lower s u r f a c e  
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i n  f i g u r e  11 is  t h e  c l o s e  s i m i l a r i t y  between these f l o w s  even though t h e  f i n e -  
n e s s  r a t i o s  and c r o s s - s e c t i o n a l  s h a p e s  are q u i t e  d i f f e r e n t  (e.g. ,  t h e  a v e r a g e  
l o c a l  c r o s s - s e c t i o n a l  c u r v a t u r e  o f  fo rebody  3 i s  a p p r o x i m a t e l y  twice t h a t  o f  
forebody 1 ) .  
A more c'omplete r e p r e s e n t a t i o n  o f  t h e  f low a t  t h e  i n l e t  face i s  i l l u s t r a t e d  
by i n l e t  s t a t i o n  i sog rams  i n  f i g u r e s  12 t o  14 .  These i sog rams  c l e a r l y  i n d i c a t e  
t h e  v a r i a t i o n s  i n  p r e . s s u r e ,  l o c a l  Mach number, f l o w  sidewash a n g l e ,  r e l a t i v e  
mass f low,  and t h e  .shock s t a n d o f f  d i s t a n c e s .  The l a te ra l  bound o f  t h e  
c o n t r o l  area is  i n d i c a t e d  i n  each f i g u r e  by a dashed l i n e  normal t o  t h e  s u r f a c e .  
The maximum p r e s s u r e  d e v i a t i o n  ove r  t h e  c o n t r o l  area f o r  a l l  t h ree  b o d i e s  i s  
less  t h a n  10 p e r c e n t .  The l o c a l  v a l u e s  and g r a d i e n t s  are similar f o r  each of 
the  three f o r e b o d i e s .  The maximum l o c a l  Mach number d e v i a t i o n  i s  5 p e r c e n t  o r  
less .  The predominant f low pa rame te r  i s  mass flow. The mass f l o w  changes i n  
d i s t r i b u t i o n  f o r  these f o r e b o d i e s  from a s l i g h t l y  v e r t i c a l l y  s t r i a t e d  f low f o r  
forebody d e s i g n  1 t o  a s l i g h t l y  spanwise s t r ia ted  f l o w  f o r  fo rebody  d e s i g n  3. 
The maximum spanwise d e v i a t i o n  i s  less t h a n  4 p e r c e n t  f o r  each forebody. The 
maximum o v e r a l l  d e v i a t i o n  i n  mass f low i s  10 p e r c e n t .  
between body and shock f o r  forebody 1. 
T h i s  d e v i a t i o n  o c c u r s  
The d e v i a t i o n  i n  s idewash f low a n g l e  o v e r  t h e  c o n t r o l  area could a f fec t  
i n l e t  performance,  and t h e  maximum d e v i a t i o n  o f  4.5' o c c u r s  on forebody 3 as 
expec ted  because of i t s  i n c r e a s e d  c r o s s - s e c t i o n a l  c u r v a t u r e .  However, t h e  
effect  o f  t h i s  f low a n g u l a r i t y  can be  reduced t o  acceptable l e v e l s  w i t h o u t  add i -  
t i o n a l  forebody t a i l o r i n g  because o f  t h e  modular d e s i g n  o f  t h e  scramjet. F ive  
eng ine  modules were used a c r o s s  t h e  t o t a l  s p a n ,  and i f  each module i s  a l i n e d  
w i t h  t h e  ave rage  d i r e c t i o n  o f  t h e  f low be ing  c a p t u r e d ,  t h e  maximum flow a n g u l a r -  
i t y  experienced by any one module i s  l e s s  t h a n  51'. 
cowl d r a g  p e n a l t y  i s  i n c u r r e d  when t h e  modules are c a n t e d  i n b o a r d .  Thus, t h e  
optimum o r i e n t a t i o n  o f  t h e  e n g i n e  modules must be de t e rmined  through t r a d e - o f f s  
between cowl d rag  and i n l e t  performance.  
However, a small e x t e r n a l  
Maximum e f f e c t i v e  i n l e t  c a p t u r e  i s  a l s o  a fo rebody  d e s i g n  g o a l .  For  t h e  
i n t e g r a t i o n  concept  i n  t h i s  s t u d y ,  maximum e f f e c t i v e  i n l e t  c a p t u r e  o c c u r s  when 
the  forebody bow shock c o i n c i d e s  w i t h  t h e  cowl l i p .  Un i fo rmi ty  o f  shock s t and-  
off d i s t a n c e  is t h e  p r imary  c r i t e r i o n  of merit  i n  a c h i e v i n g  t h i s  g o a l  w i t h i n  t h e  
i d e n t i c a l  eng ine  module c o n s t r a i n t .  For these b o d i e s ,  t h e  shock s t a n d o f f  d i s -  
t a n c e  decreases s l i g h t l y  a c r o s s  t h e  body semispan,  and t h e  minimum h e i g h t  o c c u r s  
a t  t h e  outboard c o n t r o l  area boundary. A l l  three f o r e b o d i e s  provided approx i -  
ma te ly  90-percent e f f e c t i v e  c a p t u r e  o f  t h e  a v a i l a b l e  precompressed f low when 
c o n s t r a i n e d  t o  t h e  l a r g e s t  c o n s t a n t  h e i g h t  i n l e t s  t h a t  cou ld  be accommodated 
between t h e  body and bow shock.  
For  t h e  t h r e e  fo rebody  d e s i g n s  i l l u s t r a t e d  i n  f i g u r e s  12 t o  14 ,  t h e  shock 
s t a n d o f f  distance a t  t h e  d e s i g n  Mach number and des'ign a n g l e  of a t t ack  was 
approx ima te ly  e q u a l  t o  one-half  t h e  body semispan. T h e r e f o r e ,  forebody 1 has  
h i g h e r  d rag  because o f  i t s  lower f i n e n e s s  r a t i o ,  and t h e  f i n a l  c h o i c e  i s  a t rade-  
o f f  between aerodynamic and i n l e t  cap ture  e f f i c i e n c i e s .  I n  t h i s  s t u d y ,  t h e  vol- 
ume c o n s t r a i n t  tended t o  d r i v e  t h e  optimum c h o i c e  toward forebody 1 .  The n e a r l y  
l i n e a r  v a r i a t i o n  o f  shock s t a n d o f f  d i s t a n c e  w i t h  fo rebody  semispan f o r  these 
bod ies  a l s o  a l l o w s  r a p i d  estimates o f  i n l e t  c a p t u r e  e f f i c i e n c y  w i t h i n  moderate 
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changes i n  l o n g i t u d i n a l  eng ine  l o c a t i o n ,  a key pa rame te r  i n  n o z z l e  i n t e g r a t i o n  
( r e f .  6 ) .  
Off-Design Forebody Flows 
The i n l e t  e n t r a n c e  f low a t  o f f - d e s i g n  f l i g h t  c o n d i t i o n s  r e s u l t i n g  from ta i -  
l o r e d  f o r e b o d i e s  a l s o  p l a y s  a n  impor t an t  r o l e  i n  t h e  o v e r a l l  measure o f  forebody 
e f f e c t i v e n e s s  s i n c e  t h e  v e h i c l e  must perform e f f i c i e n t l y  a t  Mach numbers and 
a n g l e s  o f  a t t a c k  o t h e r  t h a n  t h o s e  encountered a t  c r u i s e .  The scramjet accelera- 
t i o n  p o r t i o n s  o f  t h e  f l i g h t  enve lope  o f  t h i s  v e h i c l e  r e s u l t e d  i n  approximate 
fo rebody  a n g l e s  o f  a t t a c k  o f  6' a c r o s s  t h e  Mach number r a n g e .  
p a r a m e t e r s  ( l o c a l  Mach number, p r e s s u r e ,  and r e l a t i v e  mass f low f o r  t h e  t h r e e  
f o r e b o d i e s )  are p r e s e n t e d  i n  f i g u r e  15 as f u n c t i o n s  o f  p e r c e n t  body semispan f o r  
Mach 10 a c c e l e r a t i o n s .  
The pr imary f low 
Again,  t he  r e l a t i v e  mass f low i s  a key pa rame te r  i n  de t e rmin ing  forebody 
e f f e c t i v e n e s s .  The a v e r a g e  mass f low f o r  each fo rebody  d e s i g n  was reduced 
because o f  t h e  lower a n g l e  o f  a t t a c k ;  t h e r e f o r e ,  t h e  r ea l  c r i t e r i a  o f  merit a re  
t h e  v e r t i c a l  and spanwise mass-flow v a r i a t i o n s  a c r o s s  t h e  i n l e t  face. A s l i g h t  
p o s i t i v e  spanwise g r a d i e n t  o c c u r s  a t  Mach 10 a t  t h e  6O a c c e l e r a t i o n  a n g l e  o f  
a t t ack .  T h i s  i s  most n o t i c e a b l e  i n  t h e  s u r f a c e  v a l u e s  f o r  forebody 1 ;  however, 
t h e  maximum spanwise v a r i a t i o n  f o r  each forebody o c c u r s  n e a r  t h e  80-percent  semi- 
span l o c a t i o n  and d e v i a t e s  l e s s  t h a n  6 p e r c e n t  from t h e  c e n t e r - l i n e  va lue .  
These g r a d i e n t s  are s l i g h t l y  p o s i t i v e  i n  c o n t r a s t  t o  t h e  l a r g e  n e g a t i v e  g r a d i -  
e n t s  shown f o r  t h e  axisymmetr ic  bod ie s  i n  f i g u r e  8. The s l i g h t  p o s i t i v e  gradi-  
e n t s  could be b e n e f i c i a l  if a n  i n c r e a s e  i n  f u e l  s c h e d u l i n g  complexi ty  were 
a c c e p t a b l e .  The v e r t i c a l  g r a d i e n t s  i n  mass f low are a lmos t  i d e n t i c a l  w i t h  t h o s e  
shown i n  f i g u r e  11 f o r  t h e  c r u i s e  c o n d i t i o n s  and are  w i t h i n  t h e  d e s i g n  g o a l s .  
The v a r i a t i o n s  i n  i n l e t  f low c o n d i t i o n s  w i t h  f l i g h t  Mach number are shown 
f o r  fo rebody  1 i n  f i g u r e  16. The same three f low p a r a m e t e r s  are  a g a i n  p r e s e n t e d  
as t h e  basic measure o f  merit f o r  Mach numbers 4, 6 ,  and 8 a t  a c c e l e r a t i o n  a n g l e  
o f  a t t a c k .  A t  t h e  lower Mach number, a n e g a t i v e  spanwise g r a d i e n t  i n  both p r e s -  
s u r e  and r e l a t i v e  mass f low o c c u r s  s l i g h t l y  inboa rd  o f  t h e  80-percent  semispan 
c o n t r o l  boundary. However, t h e  spanwise g r a d i e n t s  shown i n  f i g u r e  16 from 
Mach 4 t o  Mach 8 a r e  less t h a n  t h e  v e r t i c a l  g r a d i e n t  i n  mass f low f o r  forebody 1 
a t  c r u i s e  d e s i g n  c o n d i t i o n s .  The magnitudes o f  these o f f - d e s i g n  v a r i a t i o n s  are 
w i t h i n  t h e  i n i t i a l  fo rebody  d e s i g n  g o a l s .  
AREAS FOR FUTURE STUDY 
The r e s u l t s  o f  t h i s  s t u d y  r e p r e s e n t  a first s t e p  i n  deve lop ing  t h e  techno- 
l o g i c a l  base n e c e s s a r y  t o  i n t e g r a t e  scramjets w i t h  t h e  v e h i c l e  airframe e f f i -  
c i e n t l y  by i d e n t i f y i n g  some major t r e n d s  r e s u l t i n g  from f o r e b o d y - i n l e t - a i r f r a m e  
i n t e r a c t i o n s .  However, much remains t o  be done b e f o r e  optimum i n t e g r a t i o n  can 
r e a l i s t i c a l l y  be ach ieved .  Some f o r e b o d y - i n l e t  i tems which are amenable t o  
s t a t e - o f - t h e - a r t  a n a l y t i c  t e c h n i q u e s  c u r r e n t l y  under  i n v e s t i g a t i o n  are l i s t e d  
as f o l l o w s :  
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( 1 )  The e f fec ts  o f  boundary-layer  d i sp l acemen t  and o t h e r  v i s c o u s  e f fec ts  
must be i n c l u d e d  i n  t h e  fo rebody  t a i l o r i n g  scheme. 
( 2 )  The e f f ec t  o f  v e h i c l e  yaw on fo rebody  f l o w  f i e l d s  must be assessed. 
( 3 )  Forebod ies  employing hard c h i n e s  a t  maximum span  shou ld  pe rmi t  t h e  high- 
est p e r c e n t  span u t i l i z a t i o n  and should be  i n c l u d e d  i n  a n a l y t i c  c a p a b i l i t y .  
( 4 )  A t  lower Mach numbers (M, < 3 1 ,  more e x a c t  t e c h n i q u e s  f o r  d e t e r m i n i n g  
t h e  forebody i n f l E e n c e  boundar i e s  must be a p p l i e d  f o r  side-mounted i n l e t s  o r  fo r  
i n l e t s  which are s i g n i f i c a n t l y  d i s p l a c e d  from t h e  v e h i c l e  s u r f a c e .  
CONCLUDING REMARKS 
The geomet r i c  shape o f  f o r e b o d i e s  on h i g h l y  i n t e g r a t e d  h y p e r s o n i c  v e h i c l e s  
has  a s i g n i f i c a n t  e f fec t  on t h e  o v e r a l l  v e h i c l e  performance.  When the  f low a t  
t he  i n l e t  e n t r a n c e  has  been un i fo rmly  precompressed,  t h e  eng ine  s i z e ,  weight ,  
and drag can be more e a s i l y  minimized. I n  a d d i t i o n ,  uniform f low has  a b e n e f i -  
c i a l  e f fec t  on t h e  r e q u i r e d  c o m p l e x i t i e s  i n  i n l e t  d e s i g n  and f u e l  s c h e d u l i n g  
between eng ine  modules. 
A forebody d e s i g n  procedure has  been developed t o  g e n e r a t e  s u r f a c e s  which 
produce n e a r l y  uniform f lows a t  t h e  e n t r a n c e  o f  bottom-mounted i n l e t s .  The pro- 
cedure  has  been v e r i f i e d  i n  a v e h i c l e  d e s i g n  s t u d y  where s e v e r a l  f o r e b o d i e s  were 
g e n e r a t e d .  These  f o r e b o d i e s  e x h i b i t e d  minimum v a r i a t i o n s  i n  key f low p a r a m e t e r s  
a c r o s s  both t h e  v e h i c l e  span  and t h e  shock l a y e r .  The bow shock s t a n d o f f  d i s -  
t a n c e  was a l s o  r ende red  n e a r l y  uniform so t h a t  a t  h y p e r s o n i c  c ru ise  c o n d i t i o n s  a 
near-maximum e f f e c t i v e  i n l e t  c a p t u r e  s c h e d u l e  can  be ach ieved .  Flow a n g u l a r i -  
t i e s  were examined, and a l t h o u g h  t h e y  were n o t  n u l l e d ,  t h e y  were found t o  b e  o f  
a c c e p t a b l e  l e v e l s  ( l e s s  t h a n  +lo a c r o s s  any s i n g l e  e n g i n e  module employed i n  t h e  
d e s i g n  s t u d y ) .  The b a s i c  n a t u r e  o f  t h e  forebody f l o w  i s  ma in ta ined  a c r o s s  t h e  
normal scramjet p o r t i o n  o f  t h e  d e s i g n  v e h i c l e  f l i g h t  enve lope  which  i n c l u d e d  a 
Mach number r ange  from 4 t o  10 and a n g l e s  o f  a t t a c k  of 6' and I O 0 .  
These s t u d i e s  i n d i c a t e  t h a t  good i n l e t  f low can  be ach ieved  by t a i l o r i n g  
o n l y  t h e  p o r t i o n  o f  t h e  v e h i c l e  s u r f a c e  which has  d i r e c t  i n f l u e n c e  upon the  
i n l e t  c a p t u r e  area. T h e r e f o r e ,  r e a s o n a b l e  g e o m e t r i e s  can  b e  g e n e r a t e d  t o  meet 
c o n s t r a i n t s  which are imposed by o t h e r  d i s c i p l i n e s  such as aerodynamics,  s t r u c -  
t u r e s ,  and i n t e r n a l  sys t ems .  
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F i g u r e  1.- R e q u i r e d  i n l e t  capture .  
D E S I G N  FOREBODY TO MEET AERODYNAMIC,  
E N G I N E  I N L E T ,  AND V E H I C L E  V O L U M E T R I C  
REQU I REMENTS . 
DES I G N N O Z Z L E  - A FT BO DY 
FOR THRUST,  S T A B I L I T Y ,  
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Figure 2. - Design features f o r  e f f i c i e n t  engine airframe i n t e g r a t i o n .  
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F i g u r e  4.-  R e l a t i o n  between body geometry  and wind v e c t o r  
f o r  Newtonian impac t  a n g l e .  
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F i g u r e  5.- Geometry d e f i n i t i o n  f o r  b i e l l i p t i c  fo rebody  d e s i g n .  
I 
ROCKET 
L H 2  TANK PROP ELL ANT 
/ 
RESEARCH 
SCRAMJETS 
PAYLOAD BAY 4 
Figure  6.- Bas ic  elements of high-speed r e s e a r c h  a i r p l a n e  (HSRA). 
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F i g u r e  7.- Volumetr ic  r equ i r emen t s  of high-speed r e s e a r c h  a i r p l a n e  
(HSRA) forebody.  
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F igure  8 .- Comparison of  flow a t  i n l e t  en t r ance  genera ted  by axisymtietr ic  a l t e r n a t i v e s  
t o  high-speed r e sea rch  a i r p l a n e  forebody; M, = 10, a = IO0. 
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F i g u r e  IO. - Forebody d e s i g n s  producing uniform precompressed flow 
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F i g u r e  11  .- Flow c o n d i t i o n s  a t  i n l e t  f o r  t h r e e  forebody d e s i g n s  a t  M, = 10 and a = IO0.  
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Figure  12.- Flow isograms a t  i n l e t  en t r ance  produced by forebody 1 a t  M, = 10 and a = 10'. 
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Figure  13.- Flow isograms a t  i n l e t  e n t r a n c e  produced by forebody 2 a t  M, = IO and a = l oo .  
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Figure  14.- Flow isograms a t  i n l e t  e n t r a n c e  produced by forebody 3 a t  M, = 10 and a = 10'. 
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Figure 15.- Inlet entrance flow conditions corresponding to acceleration angle of attack ( a  = 6')  
at M, = 10. 
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Figure 16.- Off-design f low a t  i n l e t  e n t r a n c e  produced . -  by forebody 1 a t  a c c e l e r a t i o n  
angle  o f  a t t a c k  ( a  = 6'). 
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